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Edited by Miguel De la RosaAbstract 3-Hydroxy-3-methylglutaryl-CoA reductase (HM-
GR) is unique in the ﬁrst part of the cytoplasmic isoprenoid path-
way, as it contains a membrane domain that includes ER-speciﬁc
retention motifs. When fused to GFP, this domain targets two
tobacco BY-2 HMGR isoforms diﬀerentially. While the ﬁrst iso-
form is ER-localized, a second stress-induced one forms globular
structures connected by tubular structures. A serine positioned
upstream of the ER retention motif seems to be implicated in this
speciﬁc subcellular localization. Surprisingly, these structures
are closely connected to F-actin, and their intactness is depen-
dent upon the integrity of the ﬁlaments or the action of a calmod-
ulin antagonist.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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In plants, the biosynthesis of D2- and D3-isopentenyl diphos-
phate, the universal precursors of isoprenoid-derived mole-
cules, depends upon the presence of two diﬀerentially
localized metabolic pathways [1]. The ﬁrst one, the so-called
mevalonate (MVA) pathway, is restricted to the cytosolic/
endoplasmic reticulum compartment and is largely in charge
of the biosynthesis of primary metabolites important for cell
integrity (phytosterols, ubiquinone, dolichol, prenylated pro-
teins, etc.). The second one, the so-called methylerythritol
phosphate pathway is localized in plastids and is implicated
in the biosynthesis of chloroplastic isoprenoids.
The formation of MVA is catalyzed by 3-hydroxy-3-methyl-
glutaryl CoA reductase (HMGR), which is considered as a key
enzyme in the biosynthesis of non-chloroplastic isoprenoids
[2]. A particular property of plant HMGR enzymes is that theyAbbreviations: CLSM, confocal laser scanning microscopy; ER,
endoplasmic reticulum; GFP, green ﬂuorescent protein; HMGR, 3-
hydroxy-3-methylglutaryl-CoA reductase; MVA, mevalonate; RFP,
red ﬂuorescent protein; TBY-2, tobacco Bright Yellow 2; TMD, trans-
membrane domain; WT, wild-type
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doi:10.1016/j.febslet.2007.10.023are encoded by families (e.g. [3,4]). Within the cytoplasmic
MVA pathway up to farnesyl diphosphate formation, this
enzyme is the only one that is membrane-bound through ami-
no-terminal hydrophobic trans-membrane domains (TMD).
While eight membrane-spanning segments constitute the
animals’ and yeast TMD, plant enzymes present only two
segments [5]. Little is known about the function of plant
TMD, except that the domain contains speciﬁc ER motifs,
which led to widely accept that the enzyme is closely associated
with the ER [5–7]. The question arising is to understand this
need for membrane association and how it might be involved
in the enzyme’s regulation? The fusion with a ﬂuorescent pro-
tein of the TMD of two expressed HMGR isoforms in tobacco
BY-2 cells gave us insights into the speciﬁc function of a serine
residue in actin-dependent subcellular localization of a stress-
responsive isoform.
2. Materials and methods
2.1. Chemicals
All chemicals were purchased from Sigma. Calmidazolium, cytocha-
lasine D and oryzalin stock solutions were prepared in DMSO. Para-
quat was prepared in water.2.2. Identiﬁcation and cloning into vectors of two expressed cDNA
encoding 3-hydroxy-3-methyl glutaryl coenzyme A reductase in
TBY-2 cells
cDNAs were prepared following the manufacturer’s instructions
(Invitrogen). Expressed hmgr cDNAs were PCR ampliﬁed using a
degenerated couple of primers HMGRFOR (5 0-ATGGACGTTCG-
CCGGC(A)GAC(T)CTG-3 0) and HMGRREV (5 0-C(T)TAA(G)GA-
GGAA(T)A(G)T(C)CTTA(T)GTA(G)ACATC-30), cloned into
pGEMT-easy (Promega) and sequenced.
Semi-quantitative RT-PCR analysis was performed using standard
techniques. Total RNA was prepared from cells in stationary phase di-
luted 5-fold treated as indicated and simple strain cDNA was quanti-
ﬁed using the following set of primers. hmgr1 was ampliﬁed with
FHMGR1 (5 0-GGCATTAGTCATGTGGAGAAAG-3 0) and RHM-
GR1 (5 0-CTCACATGCCTTCATAGAAAGAATACA-30), hmgr2
with FHMGR2 (5 0-TCAGGACCCAGCTCAGAACATA-3 0) and
RHMGR2 (5 0-TCAATGGAAGGCATTGTAACAGAA-3 0), gapdh
with FGAPDH (5 0-GCACTACCAACTGCCTTGCACCT-3 0) and
RGAPDH (5 0-GGCAATTCCAGCCTTGGCATC-3 0) and ﬁnally ac-
tin2 with FACTIN (5 0-AATGGGACTGGAATGGTCAA-30) and
RACTIN (5 0-ACATCCCTCACGATTTCTCG-30). In order to make
the constructs, the TMD1 domain was ampliﬁed with TMD1F (5 0-
CATGCCATGGACGTTCGCCGGCGACCT-3 0) and TMD1R (5 0-
GCTCACCATGGTTGAGACAAAAGACTGAACA-30) and TMD2
with TMD2F (5 0-CATGCCATGGACGTTCGCCGGAGATCT-3 0)
and TMD2R (5 0-GCTCACCATGGTGGAAACGAACGACTGAA-
CAAAC-30). An NcoI restriction site (underlined) was introduced intoblished by Elsevier B.V. All rights reserved.
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lined) in TMD1 was realized using the primer Mut1Pro-Ser-F (5 0-
CATGCCATGGACGTTCGCCGGCGAAGCGTCAAACCCTT-3 0)
in combination with TMD1R. Inserts were cloned into the NcoI
restriction site of pGFP or pRFP [8].2.3. Cell culture, transformation, treatments and imaging
Wild-type and GFP-HDEL [9] TBY-2 cell lines (Nicotiana tabacum
L. cv Bright Yellow-2 cells) were propagated in a modiﬁed Murashige
and Skoog medium (Duchefa, Haarlem, The Netherlands) as described
previously [10].
Cells were transformed transiently by tungsten particle shooting
with an inﬂow gun as described [8], then incubated for 5–8 h at
26 C. For treatments, cells were collected in liquid medium and 2 h
after bombardment incubated in the presence of the inhibitor, as indi-
cated. Images were acquired with a Zeiss (Jena, Germany) LSM510 la-
ser-scanning confocal microscope as described detailed elsewhere [8].3. Results
3.1. Cloning and characterization of expressed hmgr in TBY-2
cells
Previous studies with TBY-2 cell suspensions evidenced the
predominant expression of two diﬀerentially regulated en-
zymes [10,11]. Based on HMGR isoforms in intact plants
(AAB87727 and AAL54878), two cDNAs referred to as hmgr1
and hmgr2 were identiﬁed by RT-PCR ampliﬁcation with
appropriate primers. To conﬁrm our previous observations
that HMGR2 is stress-induced [11], expression studies were
performed using mRNA isolated from cells treated with para-
quat, an agent that speciﬁcally induces oxidative stress. Cells
were treated for 12 or 48 h with 1 lM paraquat and compared
to untreated cells (Fig. 1A). As a result, in the presence of
paraquat and compared to actin 2 or gapdh expression as con-
trols, a clear induction of hmgr2 expression was observed. The
expression of hmgr1 remained constitutive during the treat-
ment. Apparently TBY-2 cells, like some other plants species
(e.g. [3,12,13]), express a speciﬁc stress-induced enzyme.3.2. Diﬀerential subcellular localization of TMD1-GFP and
TMD2-GFP
To obtain further informations on the function and to estab-
lish intracellular localization of these isozymes, TMD se-
quences from hmgr1 (TMD1) or hmgr2 (TMD2) membrane
domains were fused with either red or green emitting ﬂuores-
cent proteins and were transiently expressed in TBY-2 cells.
Both domains contained motifs rich in arginines (RRR), pre-
dicted to be speciﬁc for endoplasmic reticulum retention [14].
Two distinct protein families appeared when sequence align-
ments between several plant HMGRs were performed, in
which either a proline (RRRP) or a serine (RRRS) followed
the arginine motif (Fig. 1B). Proline residues are known to
strongly modify secondary structures in proteins [15], and ser-
ine residues are often implicated in post-translational modiﬁ-
cations. Tobacco HMGR1 is a member of the ﬁrst family
and HMGR2 of the second one (Fig. 1B). Moreover, sequence
comparison of TMD1 with TMD2 showed 92% homology and
80% identity (Fig. 1C). TMD1-GFP was organized into a net-
work as shown in Fig. 1D, which can be attributed to the ER.
In contrast, WT-TMD2-GFP was accumulating in globular
structures connected by tubules, with a quite high diameter
when compared to the ER network observed for TMD1-
GFP (Fig. 1E). When expressed in GFP-HDEL transformedcells, both fusion proteins colocalize with ER (Figs. 1F,G).
However, the globular structures of TMD2-RFP colocalize
with ER agglomerates, indicating that the corpuscules are
made of proteins but also of membrane structures (Fig. 1G).
In order to investigate the signiﬁcance of the amino acid at po-
sition 7, the proline in TMD1 was mutated into a serine. The
chimeric mutant protein (P7/S7)-TMD1-GFP thus obtained
was compared to the behavior of WT fusion proteins. This sin-
gle mutation induced the formation of globular structures,
which co-localized with TMD2-RFP, when co-bombarded
(Fig. 1H). Consequently, S7 seems to be of functional impor-
tance for the agglomeration of HMGR into globular struc-
tures.3.3. TMD2-GFP binds to actin ﬁlaments
The apparent size of the network connecting the globular
structures led us to test the hypothesis that TMD2-GFP could
be bound to actin ﬁlaments. Co-bombardment experiments of
pTMD2-GFP with pYSC14 coding for talin-GFP and labeling
actin ﬁlaments [16], revealed globular structures around the
primary ﬁlaments (Fig. 2A). Co-localization experiments of
TMD2-RFP and talin-GFP demonstrated close interactions
between both structures (Fig. 2B), which is neatly illustrated
when the confocal picture cuts a corpuscule and the emergence
of two ﬁlaments (Fig. 2C). Within 6 h, treatments with cyto-
chalasin D, an inhibitor of actin polymerization, resulted in
a loss of organization of the ﬂuorescent labeling pattern in cells
expressing TMD2-RFP (Fig. 2D). This diﬀusion could also be
observed within a few minutes in the presence of calmidazoli-
um, an antagonist of calcium/calmodulin functions (Fig. 2E),
but not with oryzalin, an inhibitor of microtubule polymeriza-
tion even after 8 h (Fig. 2F). After longer inhibition times with
cytochalasin D (>8 h), the diﬀusion became total and labeling
was found in reticular structures with a main labeling around
the nucleus (Fig. 2G). These observations supported the view
of a speciﬁc dependency of TMD-HMGR2 localization on
actin. In addition, the expression of DTM2-RFP induces mem-
brane proliferation when compared to a proximal untrans-
formed cell, indicating a close interaction of HMGR
containing ER to actin (Fig. 2H).4. Discussion
In animals and yeast, besides membrane targeting, the TMD
of HMGR mediates central regulatory controls like sterol-en-
hanced proteolytic enzyme degradation involving ubiquitina-
tion [17], or ER proliferation and remodeling [18]. In plants
however, little is known, but it seems nevertheless possible that
the endomembrane system governs HMGR activity similarly
[7], and expression of TMD2-RFP in TBY-2 cells induced
ER proliferation as well. Even though in TBY-2 cells
TMD1-GFP is exclusively targeted to the ER, the experiments
presented here provide unequivocal evidence for an actin
implication in stress-induced HMGR isoform localization,
correlated with an essential involvement of a serine residue.
It is worth noting that Arabidopsis does not ﬁt into our
scheme. Although a proline and not a serine follows the
RRR motif, formation of spherical structures, deﬁned as
ER-bodies, were observed when HMGR1S TMD was fused
to GFP [7]. ER-bodies were observed to form in some stress-
Fig. 1. Diﬀerential subcellular localization of two tobacco BY-2 HMGR. (A) TBY-2 hmgr2 is stress-induced. Total RNAs were isolated from cells
treated (P) or not (C) with 1 lM paraquat for 12 or 48 h and semi-quantitative RT-PCR were performed on hmgr1 (ampliﬁed at 52 C for 40 cycles),
hmgr2 (ampliﬁed at 52 C for 25 cycles), gapdh and actin2 (at 50 C for 30 cycles). (B) Sequence alignment of the amino-terminal side of diﬀerent
plant HMGR membrane domains. Protein accession numbers are indicated in combination with the plant name. Blue highlights the motif
responsible for ER retention, red the conserved proline and green the conserved serine. Note that Arabidopsis HMG2 contains a phenylalanine
(yellow). (C) Homology (gray shading) and identity (black) of tobacco TMD1 and TMD2. In green is indicated the start of the GFP sequence of the
fusion protein. (D) Confocal images of a TBY-2 cell expressing for 5 h TMD1-GFP. On the left is represented a single planar image, in the middle the
corresponding phase contrast image and on the right a reconstituted 3D-structure obtained from a z-stack through the cell. (E) Dito (D), but using
the TMD2-GFP construct. This picture was overexposed in order to visualize details. (F) Confocal images of a cell expressing GFP-HDEL
transformed with TMD1-RFP. On the left is represented the acquisition in the green channel, in the middle in the red channel and on the left side the
merged images. (G) Dito (F) using the TMD2-RFP construct. (H) Confocal images of a cell co-transformed with a construct coding for (P7/S7)-
TMD1-GFP (left green channel), and TMD2-RFP (in the middle, red channel). The superposition of both channels shows co-localization of the
globular structures in yellow (left picture). The white bar represents 10 lm.
R. Merret et al. / FEBS Letters 581 (2007) 5295–5299 5297related procedures [19], however Arabidopsis cannot always be
considered as a suitable plant model for terpenoid biosynthe-
sis. Indeed, two genes encoding HMGR exist in the Arabidop-
sis genome [4], but none of those seems to be stress-induced.While no speciﬁc function can clearly be attributed to
HMGR2, hmgr1 encodes two proteins (HMGR1S and
HMGR1L) [20]. The biological relevance for the existence
of such a further extension on the amino-terminal side of
Fig. 2. CLSM of transiently transformed TBY-2 cells to test for interactions of TMD2 with actin ﬁlaments. (A) Co-expression of talin-GFP and
TMD2-GFP. A z-stack projection was realized from 10 sections at 0.3 lm distance. (B–C) Co-expression of talin-GFP (left green channel) with
TMD2-RFP (middle red channel). The merged picture is represented at the right. Arrows show close interactions between both structures. (D) Dito,
but cells were treated for 6 h with 5 lM cytochalasine D. (E) Dito, but cells were treated for 15 min with 5 lM calmidazolium. (F) Dito, but cells were
treated for 8 h with 5 lM oryzalin. (G) Cells expressing TMD2-GFP were treated with 5 lM cytochalasine D (>6 h). (H) Membrane proliferation
observed in GFP-HDEL (green channel) cells transformed with TDM-2-RFP (red channel). At the top of the right side is represented the
corresponding phase contrast image and at the bottom the merged ﬂuorescent picture. The white bar represents 10 lm.
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Arabidopsis. Furthermore, this protein contains a second RRR
motif localized upstream at position 35 (accession number:
P14891). Just biosynthetically seen, Arabidopsis does not pro-
duce sesquiterpenoid phytoalexins. Enzymes isolated from
plants which do however, like Solanaceae, can be organized
into both described protein families [3,12,13,21]. Although
the speciﬁc function of S7 has yet to be deﬁned, this residue
is contained in a putative calmodulin-dependent protein kinase
substrate motif (http://www.hprd.org/PhosphoMotif_ﬁnder).Such kinases participate in stress-phenomena [22], and phos-
phorylation processes were shown to be essential for protein
interactions with actin [23]. In plants, basic dynamics of the
ER depends on the integrity of the actin network [24], and ac-
tin plays functions in cell signaling as well [25]. In addition,
calcium-dependent protein kinases are implicated in actin
integrity and function, as do calcium/calmodulins and
prenylated proteins [26]. Our studies revealed a calcium/
calmodulin-dependent DTM-2-RFP subcellular localization.
Interestingly, calcium seems to play a central role in
R. Merret et al. / FEBS Letters 581 (2007) 5295–5299 5299HMGR-enhanced terpenoid phytoalexin production, which is
modulated in response to elicitors [12,27]. It has been reported
that HMGR enzyme activity is regulated in vitro by phosphor-
ylation/dephosphorylation of a serine localized within the cat-
alytic domain [28]. Our observations lead us to hypothesize
that in tobacco a second serine, within the TMDmodulates en-
zyme activity through adjustment of subcellular localization,
which might ultimately lead to association with metabolic
channels that are involved in defensive-related production of
isoprenoids [29].
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